Kawasaki disease (KD; OMIM 611775) is an acute vasculitis syndrome which predominantly affects small-and medium-sized arteries of infants and children. Epidemiological data suggest that host genetics underlie the disease pathogenesis. Here we report that multiple variants in the caspase-3 gene (CASP3) that are in linkage disequilibrium confer susceptibility to KD in both Japanese and US subjects of European ancestry. We found that a G to A substitution of one commonly associated SNP located in the 5 ′ untranslated region of CASP3 (rs72689236; P 5 4.2 3 10 28 in the Japanese and P 5 3.7 3 10
INTRODUCTION
Kawasaki disease (KD) is characterized by high fever, polymorphous skin rash, injection of the conjunctiva, erythema of the palms and soles followed by desquamation, redness of oral mucosa and lips and non-supprative cervical lymphadenopathy (1, 2) . Despite clinical and epidemiological features suggesting an infectious trigger in the pathogenesis of KD, the etiology remains unknown. Marked activation of the immune system accompanied by infiltration of lymphocytes, macrophages and neutrophils into the vascular wall occurs during the acute phase of KD. The coronary arteries are selectively targeted and coronary artery lesions (CALs) develop in 20-25% of the patients without treatment (3) . KD is now a leading cause of acquired cardiac disease in children in developed countries.
Previously, we performed an affected sibpair linkage study and identified several candidate regions (4q35, 5q31.4, 6q27, 7p15, 8q24, 12q24, 18q23, 19q13.2, Xp12 and Xq26) for KD susceptibility (4) . Recently, we identified a functional SNP in ITPKC, encoding inositol 1,4,5-trisphosphate 3 kinase-C on 19q13.2, that confers both increased risk of KD and CAL formation (5) . This effect is likely mediated through upregulating of the Ca 2+ /NFAT pathway in T cells, thus increasing IL-2 production. These findings supported the hypothesis that genetically determined modulation of the immune response is fundamental to KD pathogenesis and suggested that genes with immune regulatory function located in chromosomal regions with positive linkage signals should be considered potential candidates for KD susceptibility. In an attempt to identify a novel susceptibility gene, we performed a positional candidate gene study for 4q35 region. We found that there is a set of common variants in caspase-3 (CASP3) gene significantly associated with KD in both Japanese and European American subjects. We also demonstrate a functional significance of one commonly associated SNP which affects binding of nuclear factor of activated T cells (NFAT) to the 5 ′ untranslated region (UTR) of the gene.
RESULTS

Identification of the variants of CASP3 gene associated with KD susceptibility
The candidate region on 4q35 was attractive because several immune genes have been mapped around the peak of linkage, including the interferon regulatory factor 2 gene (IRF2), CASP3 and toll-like receptor 3 gene (TLR3), which all lie within 1.7 Mb of the linkage peak. Previous reports describing delayed apoptosis of peripheral blood lymphocytes (6) and neutrophils (7) from KD patients led us to focus on CASP3, which is located at 185.8 Mb on chromosome 4 close to the linkage peak (184.9 Mb). Caspase-3 is a key molecule of activation-induced cell death (AICD) (8) and it has also been reported to cleave the inositol 1,4,5-triphosphate receptor, Type 1 (ITPR1) in apoptotic T cells. ITPR1 is a receptor for inositol 1,4,5-trisphosphate (IP3), a substrate for ITPKC in T cells (9) .
Based on linkage disequilibrium (LD) data at the web site of the International HapMap project, we selected 12 tagging SNPs with minor allele frequency (MAF) greater than 5% from the 36 kb region containing the CASP3 gene flanked by 10 kb upstream and 5 kb downstream (Supplementary Material, Fig. S1 ). Using Haploview 4.1, the tagging SNPs were classified into four SNP groups at a threshold of r 2 . 0.8. Four tagging SNPs (rs4647693, rs2696057, rs2720378 and rs2705881) were selected as representatives of each group (Supplementary Material, Fig. S1 ). For the first stage of screening, the genotype at these four locations was determined for 638 Japanese KD patients and 1031 healthy Japanese controls. Three SNPs showed significant association with KD (P , 0.05 after Bonferroni correction for four tests; Supplementary Material, Fig. S1 ) when comparing allele frequencies between cases and controls. We then resequenced the 36 kb region in 24 Japanese subjects (12 KD subjects and 12 controls) and genotyped the first case -control panel for 34 additional variants and compared allele frequencies (Supplementary Material, Table S1 ). Twenty-five of the 46 variants (12 tagging SNPs + 34 additional variants) showed P-values , 0.001 (P , 0.05 after a conservative Bonferroni correction for 46 tests) and most were clustered in the 5 ′ region of CASP3 (Fig. 1) . To validate the association and identify of the causative variant, these 25 loci were further examined in an independent Japanese case -control panel with 282 KD patients and 378 controls. In this case -control panel, all of the 25 variants showed the same trend of association and rs2720378 was the most significant in a meta-analysis by the Mantel -Haenszel method [odds ratio (OR) ¼ 1.44, 95% confidence interval (CI) 1.27-1.62; P ¼ 3.5 × 10
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; Table 1 ]. Most of the 25 significant variants except for rs4862399 and rs7693625 were in high linkage disequilibrium with rs2720378 (r 2 . 0.69) and showed the same trend of association. No increase of association due to haplotypic effect was seen for the combination of rs2720378 and any other variations including rs4862399 and rs7693625 in a haplotype association study and logistic regression analysis (Supplementary Material, Tables S2 and S3).
Screening of functionally significant variants
We next assessed the functional significance of the variants in CASP3. Because all of the 25 variants were in untranscribed or untranslated of CASP3, we postulated that the variant(s) might influence expression of CASP3. We screened for possible enhancer activity around the associated variants by a reporter gene assay. To facilitate the screening, we cloned four tandem copies of oligonucleotides corresponding to both alleles of the variants upstream of the SV40 promoter in the luciferase reporter vector, pGL3, and transfected them into Jurkat cells.
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In this screening, we found that the sequence surrounding rs72689236 located in the 5 ′ -UTR of CASP3 showed an enhancer activity which was significantly lower for the risk allele (A) compared with the protective allele (G) (Fig. 2A) . We also found that the allelic difference was more prominent when these plasmids were transfected into peripheral blood mononuclear cells (PBMCs) or CD3 + T cells. In contrast, the difference was modest when transfected into HeLa cells (data not shown). Enhancement of luciferase activity was also observed when the plasmids corresponding to intergene_1, rs62339863 and rs2720377 were transfected. However, there was no significant difference between either allele of these three SNPs. Neither enhancer function nor allelic difference was detected for rs2720378, rs4647610, rs4647616, rs4647617 and rs59760601 (Supplementary Material, Fig. S2 ).
Rs72689236 affects binding of NFAT to the 5
′ -UTR of CASP3
To elucidate the enhancer element that may lie near rs72689236 further, we conducted an electrophoretic mobility shift assay (EMSA) using nuclear extract from PBMCs and rs72689236 oligonucleotides as probes. As shown in Figure 2D , there was a band shift using the probe specific to the G allele. Although no binding sequence of known transcription factor was predicted near rs72689236, we focused on the GGAA sequence of which the first 'G' is changed to 'A' by the SNP. Sequence similarity to the consensus binding sequence of NFAT (GGAAAA) and a recent publication describing relationship between NFAT and CASP3 expression (10) led us to postulate NFAT as a candidate transactivator for this site. We tested this hypothesis by conducting further luciferase assay and EMSA. In luciferase assay, both NFATc1 and NFATc2 overexpressed in HeLa cells, which have lower endogenous levels of NFATs (11), significantly enhanced the difference (Supplementary Material, Fig. S3 ). In contrast, cyclosporin A, a calcineurin inhibitor which suppresses NFAT signaling, minimized the difference observed in Jurkat cells (Fig. 2B) . While in EMSA, formation of a DNA -protein complex was abolished by cyclosporine A added in the culture medium of PBMCs from which nuclear protein was extracted, and was competed by excess amount of unlabeled oligonucleotide with an NFAT binding sequence from the Interleukin-2 (IL-2) promoter. And finally the complex was supershifted by a monoclonal antibody against NFATc2 (Fig. 2E) .
Allele specific expression of CASP3
Next we compared levels of CASP3 mRNA expressed from different alleles of rs72689236 in PBMCs by allele-specific transcript quantification (ASTQ) experiment. Primers for PCR were designed to encompass a SNP in the 3 ′ -UTR of CASP3 (rs6948) which was in LD with rs72689236. We examined eight healthy individuals who were heterozygous for both rs72689236 and rs6948, and therefore, inferred to have haplotypes I and III (Fig. 3A) . In this haplotype combination, risk allele (A) and non-risk allele (G) of rs72689236 were absolutely linked to C and A allele of rs6948, respectively. The ratio of digested:undigested PCR products was approximately 0.7 for cDNAs and 1.0 for genomic DNA (Fig. 3B, left  panel) , indicating that the transcript abundance from haplotype III was lower compared with that from haplotype I. Such differences were not observed when the same experiment was conducted on PBMC from five other volunteers who were heterozygous at rs6948 but homozygous for the A allele at rs72689236 (Fig. 3B, right panel) . These results suggest an effect of rs72689236 on mRNA expression levels of CASP3.
Association study in US KD families of European ancestry
Finally we investigated the association of the 25 variants and KD susceptibility in US subjects of European ancestry. In a 3) and to the G allele (lanes 4 -6) were used as probes. Binding reaction was performed with no specific competitor and with excess amounts (×100) of either unlabelled G or A allele oligonucleotides. n.s., non specific bands. (E) Binding of NFATs to the rs72689236 G allele was assessed by EMSA using nuclear extracts from PBMCs treated with cyclosporine A in addition to ionomycin and PMA (lane 1), competition assay using oligonucleotides containing an NFAT binding sequence from the human IL-2 promoter or its mutant (lanes 3 and 4) and a supershift assay with antibodies against NFATc1 (lane 5), NFATc2 (lane 6) and their isotype controls (lanes 7 and 8).
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Human Molecular Genetics, 2010, Vol. 19, No. 14 transmission disequilibrium test performed with US trios, the A allele of rs72689236 was significantly overtransmitted (n ¼ 249, OR ¼ 1.54, 95% CI 1.16-2.05, P ¼ 3.7 × 10 23 ; Table 2 ). The association of the SNP was no more significant in the subgroup of patients who developed CALs or poorly responded to IVIG therapy in either the Japanese or US populations, indicating that the SNPs influence susceptibility but not disease outcome (data not shown). From both the association study and our functional analyses, we conclude that CASP3 is a susceptibility gene for KD in Japanese and European American children.
DISCUSSION
KD is an immune-mediated vasculitis that is thought to result from an unknown infectious trigger in genetically susceptible hosts. Our previous findings that downregulation of ITPKC, which functions as a negative regulator of the Ca 2+ /NFAT pathway in T cells, by an intronic SNP resulted in enhanced activation of the pathway highlighted the importance of regulation of T cell activation in the pathogenesis of KD (5). Caspase-3 is one of the effecter caspases that plays a central role in apoptosis. Peripheral T cells from caspase-3 deficient mice were less susceptible to AICD, a mechanism regulating the magnitude and duration of the T cell immune response (8) . Furthermore, it was reported that Casp3 transcription was selectively up-regulated after T cell receptor (TCR) ligation (12) . NFATs are activated by a signal from the TCR and drive transcription of IL-2 and other cytokines. It was also reported that the induction of Casp3 mRNA in response to ionomycin stimulation was abolished in Th1 cells from Nfatc2 deficient mice, indicating that NFATc2 is a key transactivator for the gene in this cell type (10) . Our data suggest that the sequence surrounding rs72689236 might be a binding site for NFATc2 and acts as an enhancer element in T cells activated in response to signals from TCR. Sequence comparison with chimpanzee indicates that the ancestral allele of rs72689236 is 'G' (data not shown). Interestingly, the GGAA sequence was seen in a similar position within the first non-coding exon of rodent Casp3 genes (Supplementary Material, Fig. S4 ), suggesting that the enhancer element might be evolutionarily conserved. There remains a possibility that rs2720378 as well as the other associated variations also affect CASP3 expression by other, unknown mechanisms. In addition, expression of caspase-3 is not restricted to T cells and a number of proteins are known as substrates for caspases (13) . Caspase-3 is also known to play roles in cellular activities other than apoptosis (14) (15) (16) (17) . Further investigation is needed to understand the impact of reduced CASP3 expression on the pathogenesis of KD.
We recognize some potential limitations to our study. It is possible that the observed association of the functional polymorphism in CASP3 with KD susceptibility was somewhat inflated due to population structure. However, the positive linkage signal near CASP3 in our previous sibpair study and the positive association in our present family-based one, neither of which are influenced by population stratification, suggest that the association has not been over-estimated. Puga et al. (18) described that caspase-3 induced by Nfatc2 leads to T cell anergy by downregulating TCR signaling. The transient T cell anergy in KD patients in acute and convalescent phases which have been documented in several reports (19) (20) (21) might be, at least partly, related to induction of caspase-3 in T cells by activated NFATc2. No apparent gene -gene interaction between ITPKC and CASP3 was detected in the logistic regression analysis of the SNPs (rs28493229 in ITPKC and rs2720378 or rs72689236 in this study, data not shown). However, it is of great interest that NFAT is involved in both pathways in which these SNPs have a functional role (Supplementary Material, Fig. S5 ). It has also been reported that Nfatc2 is a substrate for caspase-3 (22) . It may be that the induction of caspase-3 acts as a negative feedback mechanism to regulate activation of the Ca 2+ /NFAT pathway. There are likely to be several molecular networks playing major roles in the pathogenesis of KD. Our present findings further highlight the Ca 2+ / NFAT pathway as a main axis in regulating these networks. Since many inhibitors of this pathway such as cyclosporine and tacrolimus are in clinical use, further elucidation of the role of caspase-3 in the pathophysiology of KD may lead to new preventive and therapeutic strategies for this vasculitis.
MATERIALS AND METHODS
DNA samples
We recruited 920 Japanese KD patients from several medical institutes in Japan. All Japanese KD patients (male:female:no info ¼ 554:365:1) were diagnosed by pediatricians according to the Japanese criteria (23) . Median age of disease onset was 23.0 months (range 1 -136). Healthy Japanese adults without a history of KD (n ¼ 1409) were also recruited as controls from several medical institutes. DNA samples from 249 KD subjects of European descent (male:female ¼ 163:86) and their biological parents were collected by several medical institutes participating in the US KD Genetics Consortium. The study was approved by the ethical committee of RIKEN and the institutional review board of all participating institutions. Written informed consent and assent as appropriate were obtained from subjects and their parents.
Re-sequencing and genotyping
Data regarding tagging SNPs were obtained from the website of International HapMap Project (http://hapmap.ncbi.nlm.nih. gov/cgi-perl/gbrowse/hapmap24_B36/). LD map in Figure 1 was created using Haploview 4.1 software (http://www. broad.mit.edu/haploview/haploview). For SNP discovery, we resequenced the genomic region (NT_022792.17: from nt 17,956,305 to 17,992,719) using DNA from 12 KD patients and 12 controls. Repetitive sequences except for those in the region from the promoter to intron 1 of CASP3 were excluded from the analysis. We genotyped SNPs and insertion/deletion polymorphisms using the Invader assay (24) and direct sequencing, respectively.
Statistic analysis
Association of the SNPs was analyzed using a chi-square test. Meta-analysis of data from case-control sets was conducted by Mantel-Haenszel methodology. Transmission disequilibrium test was performed using TDT software (25) integrated in Haploview 4.1. Haplotype analysis was conducted by using the program THESIAS (26) (http://genecanvas.ecgene.net/ news.php) and conditional log-likelihood with Akaike information criterion (AIC): AIC ¼ -2 × (the maximized value of the conditional log-likelihood) + 2 × (the number of parameters). As the number of parameters, we used the number of alleles or haplotypes with frequencies .0.01 that were used for each model. In the logistic regression analysis of a SNP, we first applied a 1 degree-of-freedom (1 d.f.) likelihood ratio test to determine whether a 1 d.f. multiplicative allelic effects model or a 2 d.f. full genotype model was more appropriate (26) . Because we did not find any significant difference from the full genotype model (P . 0.05), we assumed a multiplicative allelic effects mode. Next, we carried out a forward logistic regression analysis, where we started by assessing whether the most significant SNP was sufficient to model the association among the SNP set. For this, we used a 1 d.f. likelihood ratio test for adding each of the remaining SNPs to the model by assuming multiplicative allelic effects for the additional SNPs.
Luciferase assay
Jurkat E6-1 cells and HeLa cells were obtained from ATCC and the RIKEN Cell Bank, respectively. PBMCs from healthy volunteers were separated from venous blood using Lymphoprep reagent (Axis-Shields). CD3 + T cells were isolated using iMag system with a monoclonal antibody against human CD3 (clone HIT3a) conjugated with magnetic beads (BD Biosciences). We cloned single or four tandem copies of 31 nucleotides for each SNP region upstream of the SV40 promoter of the pGL3-promoter vector (Promega). The minimal promoter region of CASP3 (nt 238 of 5 ′ flanking to +17 of intron 1) was cloned into pGL3-basic vector. These reporter plasmids were co-transfected with phRGTK vector into the cells. C-016 and O-005 programs of the Nucleofector (Amaxa) were used for transfection into Jurkat E6-1 and HeLa, respectively. Transfection into PBMCs and CD3 + T cells was conducted with U-014 program. Twentyfour hours after transfection, Jurkat cells, PBMCs and CD3 + T cells were stimulated with 1 mg/ml of ionomycin (SIGMA) and 50 ng/ml of PMA (SIGMA) for 4 h and harvested. Suppression of NFAT activity was performed by adding 100 ng/ml of cyclosporin A (CALBIOCHEM) in the above-mentioned stimulation medium. Luciferase activity was measured with the Dual Luciferase Reporter Assay system (Promega). We also cloned cDNAs of NFATc1 (NM_172390) and NFATc2 (NM_173091) into pcDNA3.1(+) (Invitrogen) and co-transfected with reporter vectors for rs72689236 to test the effect of overexpression of these proteins on enhancer activity.
Electorophoretic mobility shift assay
PBMCs were incubated in RPMI 1640 medium supplemented with 10% of fetal bovine serum and stimulated with ionomycin (1 mg/ml) and PMA (50 ng/ml) for 2 h. Suppression of NFAT activity was achieved by adding 100 ng/ml of cyclosporin A to the stimulation medium. After lysing the cells with buffer A [10 mM HEPES-KOH (pH 7.8), 10 mM KCl, 0.1 mM EDTA, 0.1% NP-40 and protease inhibitor cocktail], nuclear extracts were prepared using buffer C [50 mM HEPES-KOH (pH 7.8), 420 mM KCl, 0.1 mM EDTA, 5 mM MgCl 2 , 2% glycerol and protease inhibitor cocktail]. Eighteen base pairs of double-stranded oligonucleotides corresponding to G and A alleles of rs72689236 were labeled with digoxygenin -11-ddUTP using DIG Gel Shift Kit (Roche). Probes were incubated with 5 mg of nuclear extract pre-incubated with 0.2 mg of poly d(I-C), 1 mg of poly-L-lysin for 30 min in room temperature. For the supershift assay, nuclear extract and monoclonal antibodies (Santa Cruz) or isotype control IgGs (R&D SYSTEMS) were incubated for 1 h on ice prior to the binding reaction. Competition was conducted with 100× molar excess of unlabeled oligonucleotides. Sequences of the oligonucleotides are provided in Supplementary Material, Table S4 . The binding reaction mixtures were separated on 5% non-denaturing polyacrylamide gel in 0.5 × TBE buffer, transferred onto a nylon membrane and detected with a chemiluminescent system (Roche).
Allele-specific transcript quantification ASTQ was carried out as described previously (27) . Sequences of primers for PCR were shown in Supplementary Material, Table S5 . Total RNA was extracted from PBMCs after stimulation for 4 h with 1 mg/ml of ionomycin and 50 ng/ml of PMA. Genomic DNAs and cDNAs were amplified for 36 cycles with the primers. At the last cycle, reverse primer labeled with Alexa Fluor 488 at the 5 ′ was added. Amplicons were digested with BanII (Takara) according to manufacturer's instruction. Separation was conducted on 12% nondenaturing polyacrylamide gels in 25 mM Tris and 250 mM glycine. Visualization and quantification of digested and undigested PCR products was carried out by using FLA-7000 analyzer and Multiguage software (Fujifilm).
Accession codes
Genbank: human chromosome 4 genomic DNA sequence, NT_022792.17; mRNA sequences for human CASP3, NM_004346.3 and NM_032991.2.
